Aims
To develop a population pharmacokinetic/pharmacodynamic (PK/PD) model of the hypothalamic-pituitary-gonadal (HPG) axis describing the changes in luteinizing hormone (LH) and testosterone concentrations following treatment with the gonadotropin-releasing hormone (GnRH) agonist triptorelin and the GnRH receptor blocker degarelix.
Methods
Fifty-eight healthy subjects received single subcutaneous or intramuscular injections of 3.75 mg of triptorelin and 170 prostate cancer patients received multiple subcutaneous doses of degarelix of between 120 and 320 mg. All subjects were pooled for the population PK/PD data analysis. A systematic population PK/PD model-building framework using stochastic differential equations was applied to the data to identify nonlinear dynamic dependencies and to deconvolve the functional feedback interactions of the HPG axis.
Results
In our final PK/PD model of the HPG axis, the half-life of LH was estimated to be 1.3 h and that of testosterone 7.69 h, which corresponds well with literature values. The estimated potency of LH with respect to testosterone secretion was 5.18 IU l -1 , with a maximal stimulation of 77.5 times basal testosterone production. The estimated maximal triptorelin stimulation of the basal LH pool release was 1330 times above basal concentrations, with a potency of 0.047 ng ml -1 . The LH pool release was decreased by a maximum of 94.2% by degarelix with an estimated potency of 1.49 ng ml -1 .
Introduction
Prostate cancer is second only to lung cancer as a leading cause of cancer mortality and morbidity among men in the industrialized world [1, 2] . A widely recognized feature of prostate cancer is its high sensitivity to androgen deprivation. This may be achieved in several ways, for example by bilateral orchiectomy, by administration of oestrogens, or by administration of gonadotropin-releasing hormone (GnRH) analogues. The aim of prostate cancer treatment is to suppress and maintain the serum testosterone concentration to castrate levels, i.e. <0.5 ng ml -1 . The potency of GnRH and its analogues as stimulators or inhibitors of pituitary gonadotropin secretion has made them highly useful in the therapy of sex hormonedependent tumours. Prostate cancer patients have for many years been treated with GnRH agonists [3] , because the use of GnRH receptor blockers has been limited by their short duration of action and their histamine-mediated side-effects [4] . The pharmacodynamic profiles after treatment with GnRH agonists and GnRH receptor blockers are very different. The former have the disadvantage of producing an initial flare-up effect in luteinizing hormone (LH) secretion, causing a testosterone surge [5] , whereas the latter block the pituitary GnRH receptors, resulting in immediate medical castration [4, 6, 7] .
The complex regulatory behaviour of the hypothalamic-pituitary-gonadal (HPG) axis (see Figure 1 ) has been modelled by others [8] [9] [10] [11] [12] . Thus far, only a small number of pharmacokinetic/ pharmacodynamic (PK/PD) models of the HPG axis after administration of GnRH analogues have linked the time course of drug concentration to its effect on LH and testosterone [13] [14] [15] , and even fewer have incorporated the complex regulatory behaviour of the HPG axis [16] . No PK/PD model has described and predicted the response of LH and testosterone after treatment with both a GnRH agonist and a GnRH receptor blocker in one combined model. Attempting to model a highly nonlinear regulatory feedback system such as the HPG axis requires the use of advanced techniques. This paper describes a systematic population PK/PD modelbuilding framework using stochastic differential equations (SDEs) to identify the nonlinear dynamic dependencies in the HPG axis [17, 18] .
The main objective of the present analysis was to develop a population PK/PD model of the HPG axis, which enables the description and prediction of the effect on LH and testosterone following treatment with the GnRH agonist triptorelin [19, 20] and the GnRH receptor blocker degarelix [21] [22] [23] [24] . Both classes of drug act on the same physiological system and, hence, the model of the HPG axis should be based on a mechanistic understanding of drug action and the underlying physiology of the endocrine system. The benefits of a combined PK/PD model of the HPG axis are that it facilitates predictions of new dosing regimens for all drugs acting on the same underlying physiological system, that it can be used to test hypotheses of mechanisms of drug action, and that it summarizes the current state of knowledge about the HPG axis.
Materials and methods

Study designs
The studies were performed in accordance with the Declaration of Helsinki and according to Good Clinical Practice (GCP). The appropriate independent ethics committee approved the protocols prior to the start of the study. Written informed consent was obtained from all subjects before participation. The triptorelin and degarelix study designs and demographic characteristics are summarized in Table 1 and Table 2 .
Triptorelin study
The triptorelin study had a single-dose, unblinded, randomized, parallel-group design, with the aim of investigating the PK, PD 
Degarelix study
The degarelix study had an open-label, multicentre, parallel and sequential, ascending repeated-dose design with the aim of investigating the PK, PD and adverse effects of degarelix in prostate cancer patients.
A total of 170 patients received initial loading doses of between 120 and 320 mg in an injected solution of 20-60 mg ml -1
. Patients were followed until the criterion for insufficient testosterone suppression (i.e. testosterone concentrations >0.5 ng ml ) was met, before a maintenance dose identical to their loading dose was administered. Patients were withdrawn from the study if their testosterone concentration was >1.0 ng ml -1 2 weeks postdosing and afterwards, or if their testosterone concentration was between 0.5 and 1.0 ng ml -1 at two consecutive visits from 4 weeks postdosing and afterwards.
Blood samples were taken prior to drug administration and at 3 h and 1, 2, 3, 7, 14, 21, 28, 35, 42, 49 and 56 days post dose and once weekly until the withdrawal criterion was met. 
Analytical methods
Triptorelin and degarelix plasma concentrations were measured according to Good Laboratory Practice (GLP), the methods being validated according to current guidelines for bioanalytical samples [25] . Degarelix was measured by automated protein precipitation using a TECAN robot through the addition of a mixture of ethanol and acetonitrile to the plasma samples (using ethylenediaminetetraacetic acid as the anticoagulant), which were then analysed by liquid chromatography with tandem mass spectrometric detection (LC-MS/MS). A Zorbax Eclipse XDB-C18 reversed-phase column (2.1 ¥ 50 mm, 5 mm) and a mobile phase of ammonium formate and acetonitrile were used. Mass spectrometry was performed using an API 4000 using TurboIonSpray with multiple reaction monitoring in the positive ion mode [21] . The lower limit of quantification (LLOQ) of degarelix was 0.5 ng ml -1 and the intra-and interassay precisions [expressed as coefficients of variation (CV)] were Յ7.5% and Յ14.1%, respectively. The accuracy was within Ϯ3%. Triptorelin was measured using a radioimmunoassay described in detail elsewhere [26, 27] . The LLOQ of triptorelin was 0.01 ng ml -1 and the intra-and interassay precisions were Յ8.2% and Յ7.5%, respectively. The accuracy was within Ϯ11%.
The LH assay was measured using Microparticle Enzyme Immunoassay (MEIA) technology (Abbott Laboratories, Abbott Park, IL, USA). The LLOQ of LH was 0.1 IU l -1 and the intra-and interassay precisions were Յ5.7% and Յ5.3%, respectively. The accuracy was within Ϯ11%. Total serum testosterone concentrations were measured according to GLP by LC-MS/MS after solid-phase extraction. The LLOQ of the assay was 0.05 ng ml -1 and the intra-and interassay precision were Յ15.8% and Յ14.1%, respectively. The accuracy was within Ϯ8%. Further details of the LH and testosterone assays are given elsewhere [28] [29] [30] .
Data analysis
Nonlinear mixed-effects modelling was performed using NONMEM version V and VI beta [31] . The firstorder conditional estimation (FOCE) method was used throughout the PK/PD model building using the subroutine ADVAN5 (general linear kinetics) for the PK analysis and the subroutine ADVAN8 (general nonlinear kinetics with stiff equations) for the PD analysis. Three significant digits were requested for the final PK and PD parameter estimates. The tolerance of the differential equation solver used in the PD analysis was set to 10 due to the high degree of nonlinearity in the model.
The PK/PD data analysis was performed sequentially. The PK model was first fitted to the data, and the individual predicted plasma concentrations were subsequently used as input using linear interpolation between sampling times for the simultaneous PD modelling of LH and testosterone.
Two methods were used to manage drug and hormone concentrations below the LLOQ in the estimation of model parameters because of the different concentration-time profiles. The first time a drug concentration measurement was below the LLOQ, it remained so for the remainder of the study, whereas the LH and testosterone measurements fluctuated around the LLOQ throughout the study. Thus, plasma triptorelin and degarelix concentration measurements below the LLOQ were omitted (method M1 in [32] ), whereas LH and testosterones below the LLOQ were set at LLOQ/2 (method M5 in [32] ).
Residual variability
To obtain homogeneity of the intraindividual (residual) error variance for the PK/PD data analysis, an additive residual error model corresponding to a constant coefficient of variation (CV) model on the untransformed scale was used.
Interindividual variability
The interindividual variability (IIV) model was assumed to follow a log-normal distribution using an exponential model.
Model discrimination
Model selection was based on physiological understanding of the HPG axis and graphical analysis using basic goodness-of-fit (GOF) plots of, for example, individual and population predictions vs. time, observed concentrations and weighted residuals. The difference in the objective function value (OFV) produced by NONMEM was used to discriminate between hierarchical (nested) models using the likelihood ratio test (LRT).
Pharmacokinetic models
Triptorelin A combined zero-and first-order absorption model was applied to describe the release profile of depot-formulated triptorelin. A fraction of the dose is rapidly released from the injected microparticles in an initial burst within the first 24 h, modelled as an apparent zero-order input rate R inf with estimation of the duration of infusion t. Subsequently, triptorelin is released slowly from the depot with differences in the absorption profile between s.c and i.m. administration. S.c. administered triptorelin is believed to be absorbed into the lymph before it enters the systemic circulation, modelled using a s.c. site of injection and absorption delay compartment. I.m. administered triptorelin does not show the same delay in absorption and was adequately modelled by first-order absorption. The disposition of triptorelin was described by a two-compartment model (Figure 2 ).
Degarelix Degarelix is released from the self-forming SC depot in two phases, namely a rapid release immediately after dosing accounting for the high initial plasma concentrations, and a prolonged slow-release phase that determines plasma concentrations in the maintenance phase [21, 33] . A two-compartment disposition model with two first-order absorption components was used to describe the concentration-time profiles of SC administered degarelix [34] (Figure 2 ).
Pharmacodynamic modelling framework
The differential equations governing the hormonal system of the HPG axis are derived from the principles of mass balance for LH and testosterone. The rate of change of hormone i is equal to the rate of secretion minus the rate of elimination, i.e. dX dt r i i e , i i
where X i is concentration of hormone i, r i symbolizes the total hormone secretion rate and k e,i is the first-order elimination rate constant. The volume of distribution of a given hormone was assumed to be constant over time and hence the secretion rates were estimated as a function of volume of distribution. The total hormone secretion rate r i is assumed to consist of a constant basal rate of secretion b i and a nonbasal secretion H i regulated by the feedback signals from the HPG axis. Thus,
where the nonbasal secretion H i (·) is estimated as the relative change to the basal secretion rate b i . The nonbasal secretion H i (·) depends on a feedback interaction from one or more hormones in the system through nonlinear functions.
Deconvolution of feedback interactions
In order to capture the in vivo dynamics of the HPG axis following exposure to a GnRH agonist or a GnRH receptor blocker, several different feedback hormone interactions should be accounted for. The complex multivariate closed-loop system of LH and testosterone consists of several feedback interactions and cannot be modelled sequentially due to the interdependence of the two hormones. Therefore, a systematic population PK/PD model-building framework using SDEs was applied to identify the complex nonlinear dynamic dependencies of the HPG axis and to deconvolve the functional relationships between the drug, LH and testosterone (Appendix A).
Results
The population parameter estimates from the final triptorelin and degarelix PK models are summarized in Analysis of the PD included LH and testosterone concentration measurements following treatment with the GnRH agonist triptorelin and the GnRH receptor blocker degarelix. The PD models for the two treatments were developed in parallel and subsequently combined when the structural models were approximately the same.
Initial exploratory analysis suggested an expansion of the basic LH model described by Equation 1, with a pool compartment of readily releasable substance mimicking the physiology of peptide hormones. Newly synthesized ones such as LH are encapsulated into secretory granulas that accumulate within the cell. The granulas can either undergo secretory exocytosis by positive feedback from endogenous GnRH, or accumulate within the cell [9] . However, steroid hormones such as testosterone do not accumulate within the cell and the basic model described by Equation 1 was applied.
The final model of the HPG axis that best described LH and testosterone concentrations following treatment with triptorelin and degarelix is illustrated in Figure 2 and described by the following system of ordinary differential equations: with initial conditions F 0 , P 0 , LH 0 and Te 0 , respectively. The parameters b, k rel and k e represent the basal secretion rate constant, release rate constant and elimination rate constant, respectively. All the feedback interactions H i (·) in Equations 4-7 were deconvolved using the SDE framework. For illustrative purposes, the estimated nonbasal testosterone secretion H Te 3 ( ) is shown in Figure 3 . The nonbasal testosterone secretion is stimulated by circulating LH concentrations, and could be described by a sigmoidal E max model.
Because the pituitary GnRH receptors are the ratelimiting step in the stimulation of LH synthesis and release, and no endogenous GnRH concentration measurements were available, it was not possible to separate these two components in the model. Therefore, the net effect of endogenous GnRH secretion and pituitary GnRH receptors on LH synthesis and release was modelled by an empirical feedback compartment, where the input is driven by the testosterone concentration.
LH synthesis and release was influenced by the feedback compartment and modelled differently during treatment with triptorelin and degarelix due to their different mechanisms of action. The pulsatile stimulation of LH synthesis and release was modelled as a negative and positive interaction from the feedback compartment during treatment with the GnRH agonist and GnRH receptor blocker, respectively. The nonpulsatile stimulation by triptorelin and inhibition by degarelix of the nonbasal LH pool release was modelled using the sigmoidal E max approach.
Testosterone is also known to exert short-loop negative feedback on LH secretion via the pituitary. This interaction was considered to be less important and therefore not included in the model [34] . The feedback functions H i (·) in Equations 4-7 were modelled using the equations Table 4 . The 30 parameters were estimated with good precision and were all significant at the 95% confidence level. IIV was estimated for the parameters k rel,LH , EC 50 , IC 50 , d, k e,F , L max and L 50 .
The five parameters k e,LH , k e,F , l, LH base and Te base obtained from the separate triptorelin and degarelix PD models were found to be study specific with observed differences in the parameter estimates of up to 100-fold.
The observed concentration-time profiles of PK, LH and testosterone are shown in Figure 4 for the triptorelin and degarelix studies with the population predictions superimposed. For presentation purposes, only singledose data are shown due to the individual dosing schedules. The model was able to capture the different rates of onset and offset of drug action observed for the representative subjects in the five dose groups ( Figure 5 ). The different dynamic measurements of the HPG axis compartments (i.e. PK, empirical feedback, LH pool concentration, LH concentration and testosterone concentration) after triptorelin and degarelix administration are superimposed in Figure 6 .
The goodness-of-fit plots indicated agreement between the observed data and the model predictions ( Figure 7) . The model was validated externally, where the PK/PD responses from other clinical degarelix studies were accurately predicted (data not shown).
Discussion
The objective of the present analysis was to build a population PK/PD model of the HPG axis which mimicked the underlying physiology of the endocrine system by incorporating as many of its features (e.g. mechanistic understanding of drug action, feedback control mechanisms, etc.) into the model as the observed data would allow. The dynamics of the HPG axis is highly nonlinear, with feedback interactions in a multivariate closed-loop control system. Furthermore, the observed PD profiles after administration of triptorelin (a GnRH agonist) and degarelix (a GnRH receptor blocker) are very different from each other. However, the two drugs act on the same underlying physiological system. The combined model was based on our mechanistic understanding of the HPG axis and was able to account for the PD response of LH and testosterone following treatment with triptorelin and degarelix.
In the present analysis, we applied the SDE framework described by Tornoe et al. [35] as a tool for identification of the dynamic dependencies and for deconvolving the feedback interactions of the HPG axis. This approach is similar to the method described by Fattinger et al. [16] using flexible nonparametric functions (i.e. natural cubic splines). The main difference between the two methods is that the SDE framework can be used to deconvolve dynamic dependencies of unknown states, inputs and/or parameters, whereas the spline method cannot. However, the natural cubic spline approach is straightforward to use if the dependencies are known, and only the form of the functional interactions is to be deconvolved.
The main problem associated with modelling a bivariate closed-loop system such as the LH and testosterone systems is that a model misspecification in the LH submodel will distort that for testosterone, and vice versa. Model building is further complicated because the PD of LH and testosterone are interdependent, and therefore cannot be characterized separately. Initial attempts were made to develop the LH and testosterone submodels separately, conditional on the observed response of the other hormone, thereby avoiding the complex closed-loop feedbacks. This approach is not recommended, since the separately developed submodels were difficult to merge when abandoning the reliance on the observed responses. Furthermore, it was not appropriate to switch from the first-order conditional estimation (FOCE) method to the less accurate first-order (FO) estimation method in NONMEM during the model building, due to the high degree of nonlinearity in the system. As a consequence, extremely long run times (approximately 1-2 weeks per model) were experienced during the modelbuilding process. We also encountered many numerical problems when fitting the population PK/PD model to the >12 000 PK/PD concentration measurements from the 228 subjects.
In our final PK/PD model of the HPG axis, triptorelin stimulation and degarelix inhibition of the nonbasal LH pool release were described using sigmoidal E max models (interaction 1 and 2 in Figure 2 ). Circulating LH stimulates testosterone secretion through a sigmoidal E max model (interaction 3 in Figure 2 ). The delayed testosterone feedback on LH was modelled through a compartment where testosterone stimulates the input (interaction 4 in Figure 2 ). Finally, the closed-loop control system of the HPG axis is closed by the feedback compartment stimulating LH synthesis and release, which was modelled as negative and positive interaction for treatment with the GnRH agonist and GnRH receptor blocker, respectively (interactions 5 and 6 in Figure 2) . k e,LH , k e,F , l, LH base and Te base were estimated as study-specific parameters even though they are considered to be system specific. The need for LH base and Te base as study-specific parameters is justified by the differences in the mean observed baseline LH and testosterone concentrations in the two studies. These discrepancies may be explained by the different study populations in the triptorelin (healthy subjects) and degarelix (prostate cancer patients) studies. This observation corresponds well to previous findings by Keenan et al. [36] , who reported a disruption in LH pulsing in ageing men.
The estimated LH half-life of 84.5 h after triptorelin treatment is not consistent with previously reported LH half-life values of 0.3 and 1.5 h (biexponential decay) [37] , which is similar to the value of 1.30 h obtained after treatment with degarelix. The estimated testosterone elimination rate constant of 0.0901 h
corresponds to a half-life of 7.69 h, the latter being longer than the value of 2 h reported in the literature [38] . In summary, a framework for the systematic development of population PK/PD models was successfully applied to the HPG axis. The dynamic dependencies of the latter were identified, and the interactions between LH and testosterone were deconvolved using SDEs and substituted with appropriate parametric functions. The resulting population PK/PD model of the HPG axis was able to describe and predict the different PK/PD profiles of GnRH agonists and GnRH receptor blockers. Thus, the findings indicate that the model adequately describes the underlying physiology of the endocrine system. ).
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Appendix A
The aim of the systematic population PK/PD modelbuilding framework based on stochastic differential equations (SDEs) is to improve the model iteratively by systematically pinpointing its deficiencies. Initially, a simple structure is formulated and systematically expanded with models of increasing complexity in a manner that is supported by the data. The iterative process is continued until the model is accepted for a given purpose. Thus, the time spent on developing population PK/PD models can be reduced dramatically for complex systems [18, 34, 39] . The iterative framework for systematic model development using SDEs is summarized in the algorithm below.
Step 1. Formulate an initial ODE model derived using a priori knowledge about the modelled system. Step 2. Transform the ODE model into an SDE model with a diagonal diffusion term to be able to pinpoint model deficiencies.
Step 3. Estimate the SDE model parameters.
Step 4. Identify possible model misspecifications by examining the significance of the estimated diffusion terms as well as the one-step prediction errors. Step 7. Evaluate model and repeat Steps 5 and 6 using, for example, different parameterizations until satisfactory results are obtained.
Step 8. Track unexplained variations using the updated EKF state estimates from the extended model. Step 9. Apply nonparametric modelling methods such as GAM to deconvolve functional relationship. Use the obtained information to reformulate the model and return to Step 2.
